ABSTRACT Granule carriers for insect control agents have been used for many years, especially for control of soil-borne pests. Granular baits have not been practical for foliar application because they do not stick well and are susceptible to removal by wind or rain. A simple and economic technique to prepare adherent granules has been developed. The granules are made of starch which, when applied to wet surfaces and allowed to dry, will adhere even in the presence of additional water. Granules were formulated by mixing pregelatinized starch with a water-organic solvent solution. Solvents tested included methanol, ethanol, n-butanol, 2-propanol, acetone, and l,4-dioxane. The resulting mass, after drying, easily crumbled into particles that could then be sieved to desired particle sizes. Assays that measured resistance to wash-off demonstrated that granules made with 2-propanol were retained on both glass and cotton leaf surfaces, whereas granules made with water alone washed off easily. Granules made with 2-propanoI and Bacillus thuringiensis Berliner showed no loss ofinsecticidal activity when compared with granules made with water alone. A field study testing adult Diabrotica virgifera virgifera LeConte attraction to traps baited with p-methoxycinnamaldehyde encapsulated within starch granules demonstrated a sustained rate of release of the attractant over a 12-d period. Possible benefits of an adherent pesticidal bait formulation are discussed.
INSECTICIDES HAVE BEEN FORMULATED on various granule carriers for many years (Synek 1983 , Vander Hooven 1983 . These carriers may be classified as baits upon which the insect must feed, or inert particles such as clay or corn cob which carry the active agent to the target site and then depend on environmental factors to release the active agent into the feeding zone. Baits have been used for > 100 yr against grasshoppers (Shotwell 1944) and, more recently, against corn rootworm adults (Metcalf et al. 1987) and European corn borers ). Because baits must be ingested, they are much more specific than either liquid sprays, dusts, or inert granule carriers. Integrated pest management programs against ground-dwelling insects such as the fire ant and certain grasshopper species that require selective pesticide usage should benefit greatly from these types of baits. However, currently available baits have limited use for controlling most leaf-feeding pests because the granules are easily dislodged from the feeding zone, thus rendering them ineffective against the target pest (Weissling & Meinke 1991) . A technique described by Dunkle & Shasha (1988) to encapsulate entomopathogens within starch matrices has received considerable attention (e.g., Bartelt et al. 1990 , McGuire et aI. 1990 , Ignoffo et al. 1991 . This technique involves the addition of water to modified starch at a proportion of at least 1:1 to produce a gelatinous mass. To produce large quantities ofstarch granules for field testing an entomopoxvirus, the laboratory procedure was scaled up (Shasha & McGuire 1992) . However, the high water content of the original formulation made grinding and drying of the starch mass difficult because heat could not be applied during these processes. Simply reducing the water ratio resulted in uneven distribution of moisture within the mass. Therefore, we initiated a project to develop a process that would reduce or eliminate the need for grinding and drying the particles. In preliminary tests, we observed that granules made by a process modified from Trimnell & Shasha (1988) adhered to surfaces. Here we report formulation of starch granules with water-organic solvent mixtures and the results of tests of their adherent properties.
Materials and Methods
Formulation Ingredients. Starch consists of amylose, which has a linear structure with filmforming properties of high strength and flexibility and amylopectin, a highly branched polymer. Cooking in water causes the starch to gelatinize. Upon cooling, the amylose portion associates and becomes insoluble (retrogradation). Miragel starch (Staley, Inc., Decatur, Ill.), is a fully pre-Vol. 85, no. 4 gelatinized pearl cornstarch marketed for use in the food industry. Flour 961 (Illinois Cereal Mills, Paris, IlL), pearl cornstarch (CPC International, Englewood Cliffs, N.J.), waxy cornstarch (American Maize Products, Hammond, Ind.), potato amylopectin and Amylon 5 (National Starch and Chemical Company, Wayne, N.J.), and Staco M (Staley) starch were all gelatinized using the following procedures. Starch (100 g) was added to 1 liter water and cooked for 10 min at 80°C to cause gelatinization. After cooling to 50°C, but before retrogradation occurred, starch was isolated by precipitation with 3 liters 95% ethanol in a blender. The dispersion was filtered and washed with absolute ethanol to remove trace water. The resulting product was a fine powder that was soluble in cold water. Pearl cornstarch contains =25% amylose, waxy cornstarch contains mostly amylopectin, and Amylon 5 contains =50% amylose.
Formulation Procedure. To prepare granules for testing the effect of solvent type on adherence to substrates, equal quantities (wtlwt) of Miragel and a 30% solution of the test solvent in water were combined. Solvents tested included reagent grade 2-propanol, methanol, ethanol, nbutanol, acetone, and l,4-dioxane. After the gelled mass became less sticky, the mass was broken apart in a blender to create particles that passed through a 20-(850 JLm) but not a 40-(425 JLm) mesh sieve after drying. Some formulations crumbled easily without the aid of a blender. To prepare granules for testing the effect of starch type on adherence to substrates, equal quantities of a 30% 2-propanol solution and the gelatinized test starch were combined. The gelled mass was treated as above. Test gelatinized starches included those listed above.
Glass Slide Assay. To screen a large number of Miragel-organic solvent formulations for relative adherent properties without using plants, a simple assay was developed. Preweighed, precleaned glass microscope slides were wetted by misting distilled water on one surface. Twenty-mg granules were carefully sprinkled on the wet surface and allowed to air dry. The slides were" then placed approximately 2 cm under a stream of distilled water released from a burette. A quantity of 40 ml water was allowed to flow from the burette at a rate of 20 mllmin over the slide while the slide was continually moved back and forth. Slides were then allowed to air dry, and the procedure was repeated for a total of four wash-dry cycles. Slides were then reweighed to determine granule loss. Five slides were prepared for each formulation. Results were analyzed by analysis of variance (ANOVA) and means were compared using the least significant difference test (Lund 1988) . This assay was also used to examine the effect of a 2-propanol solution on adherence of granules made with the various starches. As controls, granules were made with water only and were tested parallel to granules made with 2-propanol. Results were analyzed in a factorial design with starch type (6 df) and 2-propanol presence or absence (1 df) as main effects.
Plant Leaf Assay. Although the glass slide assay provided preliminary information concerning adherence properties of the granules, it was necessary to develop an assay using plant tissue to demonstrate these properties more accurately. Cotton was selected as the test plant because it grew easily in the greenhouse and provided a relatively flat, nonpubescent leaf surface conducive to application and removal of granules. An area of 33 cm 2 was marked on the leaf by tracing around the mouth of a 150-ml beaker with a permanent marker. This area was wetted with distilled water and 30-mg granules were carefully sprinkled onto the area. After drying, 10 leaves were removed and granules were scraped off, air-dried to remove traces of water obtained from the leaf surface, and weighed. To determine the effect of moisture on adherence, distilled water was applied to each leaf area after granule application. A garden variety pump sprayer fitted with a pressure gauge was used to apply =5 ml water at l.05 kglcm 2 (15 psi) to each remaining leaf three times over a 7-d period. The nozzle and distance from the leaf were adjusted so that the cone spray pattern just covered the marked area. Seven d after application, 10 additional leaves were excised, and granules were treated as above. Effects of solvent type and starch type were determined and analyzed as above.
Microscopic Analysis. Observations were made of granules through a light stereomicroscope as well as through an lSI SS130 scanning electron microscope (SEM) to attempt to determine a mechanism for the adherent properties. For observations through the light microscope, granules were sprinkled onto a glass slide, wetted, then allowed to air dry. Samples were viewed and photographed before, during; and after wetting. For observation through the SEM, granules were sprinkled onto stubs either before wetting or after wetting and drying. Additionally, granules were carefully sliced to reveal internal structures. Photomicrographs were made at 250x or 700x magnification.
Bioassay with Bacillus thuringiensis. To test the effect of the formulation containing 2-propanol on insecticidal activity of B. thuringiensis, granules were prepared as described above with Miragel and a 30% solution of 2-propanol except B. thuringiensis technical powder (supplied by Abbott Laboratories, North Chicago, Ill.) was added at the rate of 1,600 International units per milligram of dry ingredients. As controls, granules were similarly prepared with water alone, and both formulations were prepared without B. thuringiensis. These four granule types were then assayed for insecticidal ac- oxycinnamaldehyde, not changed after 6 d; three with attractant soaked into the granule, not changed after 6 d; and the same six types of granules but changed after 6 d; plus the two controls. Analysis of variance (ANOVA) for each sampling date was conducted in a 2 x 4 x 2 factorial design with position of the attractant (encapsulated or not encapsulated), concentration of attractant (0, 0.1, 1.0, 10%), and whether or not the granules were changed after 6 d as main effects. Means were compared using the least significant difference test (Lund 1988) .
Results
Glass Slide Assay. Solvent type had a significant effect on adherence of granules to glass microscope slides (F = 475.43; df = 6,28; P < 0.001). Starch granules made in the traditional manner (with water [i.e., Dunkle & Shasha 1988] ) did not adhere to glass slides. However, when certain organic solvents were added to the formulation before gelling, granules became adherent and resisted wash-off (Table 1) . Granules prepared with 2-propanol were most resistant to wash-off, whereas granules prepared with methanol offered little resistance. Granules formulated with the other solvents had intermediate wash-off resistance.
The effect of 2-propanol on various starches is summarized in Table 2 . Although 2-propanol had a significant effect on adherence over all starches tested (F = 1,268.25; df = 1,56; P < 0.001), there was also a significant effect due to starch type (F = 142.88; df = 6,56; P < 0.001). The significant starch x 2-propanol interaction (F = 102.52; df = 6,56; P < 0.001) indicates that not all starches behaved the same with respect to addition of 2-propanol. For example, granules made from gelatinized Amylon 5 or gelatinized Staco M showed no adherent properties on glass even when mixed with 2-propanol. Other starch products (gelatinized waxy and gelatinized potato amylopectin) demonstrated intermediate proper- tivity against neonates of European corn borer, Ostrinia nubilalis (Hubner) (Lepidoptera: Pyralidae). Assays were initiated by incubating 100-mg granules in 2 ml distilled water containing 2 mg a-amylase (type VI-A Sigma Chemical Company, St. Louis, Mo.) at 37°C for 1 h. The suspension was diluted to 8 ml with water, then homogenized for 10 s in a Virtishear tissue homogenizer (The Virtis Company, Gardiner, N.Y.) at full power. Green food coloring (2 ml) and sucrose (100 mg) were then added. Sixty neonate corn borers were allowed to feed on droplets of the suspension (Hughes & Wood 1981) . Those that imbibed, as evidenced by color in the gut, were transferred individually to plastic cups containing artificial diet. Percentage mortality was obtained 2 d later. This experiment was conducted five times, each with freshly prepared granules. Results were analyzed using the paired t test (Lund 1988) .
Field Assay. Granules were prepared as above using pregelatinized pearl cornstarch and a 30% solution of 2-propanol. Before gelling, carbaryl (2% [All/dry wt) and dried, powdered root of buffalo gourd, Cucurbita foetidissima H.B.K., (5% wt/wt) were added. To determine if a volatile attractant could also be encapsulated and released over a period oftime, p-methoxycinnamaldehyde (Schweizerhall, Inc., South Plainfield, N.J.), shown by Lampman & Metcalf (1988) to be an attractant for the western corn rootworm, Diabrotica virgifera virgifera LeConte, was added to the formulation in one of two ways: the attractant was added to the dry ingredients before gelling, or previously made granules were soaked in absolute ethanol containing the attractant. To determine the effect of attractant concentration on granule attractancy, three different concentrations were used approximating 0.1, 1.0, and 10.0% of dry wt. Actual concentrations were determined by soaking 10 mg granules for 1 h in 100 m150% ethanol and measuring absorption at 320 nm in a Beckman DU-50 spectrophotometer. Granules were kept in tightly closed glass jars until use. Within 5 d after formulation, 100 mg granules were placed in vial traps (Shaw et al. 1984 ) with solid bottoms (Lance 1988 ) and placed at ear height in field corn on 7 August 1990 when the plants were in the R1 phase of development. This experiment was set up as a randomized complete block design with five blocks. A block consisted of a row of corn with vials spaced = 10 m apart. Blocks were separated by 10 rows (=30 m). Traps were sampled 3, 6, 9, and 12 d after placement in the field. Additionally, enough traps were initially established so that half of the vials could receive fresh granules after 6 d. Two treatments of control granules without attractant were also placed in the field; one treatment was changed after 6 d, the other was not. Therefore, a total of 14 traps was located in each block; three with encapsulated p-meth- ties in relation to adherence. Granules made with Miragel and gelatinized pearl starch exhibited the greatest level of adherence when formulated with 2-propanol. Plant Leaf Assays. Solvent type had a significant effect on granule adherence to cotton leaves upon application (F = 12.87; df = 6,63; P < 0.001), and after 7 d (F = 10.49; df = 6,63; P < 0.001) ( Table 1) . Granules made with water only did not adhere well whereas granules made with ethanol, 2-butanol, and 2-propanol had the greatest level of adherence after 7 d. As in the glass slide assays, 2-propanol had a significant effect on adherence of various starch granules after 7 d (F = 342.51; df = 1,126; P < 0.001) ( Table 2 ).
Starch type also had a significant effect on adherence to cotton foliage, when granules made with and without 2-propanol were combined (F = 30.89; df = 6,126; P < 0.001). Again, a significant interaction occurred between starch type and solvent (F = 17.00; df = 6,126; P < 0.001). With the exception of Amylon 5, all starches formulated with 2-propanol were more resistant to wash-off than starches formulated with water alone.
Microscopic Analysis. When viewed through the stereomicroscope before wetting, granules made with 2-propanol appeared more opaque than granules made without 2-propanol ( Fig. lA  and D) . When wet (Fig. 1 B and E) , both types of granules became transparent, but after drying, a difference was observed. Granules made with 2-propanol were stuck together and to the slide (Fig. IF) , whereas granules made with just water (Fig. lC) remained discrete and appeared similar to granules that had not been wetted.
When granules were viewed with SEM, before wetting (Fig. 2) , differences were exhibited between granules made with water only (Fig. 2 A and C) and granules made with 2-propanol ( Fig.  2 B and D) . Externally, nongelled starch grains were observed on granules made with 2-propanol ( Fig. 2B) , whereas no such grains were observed on granules made with water alone (Fig. 2A) . Additionally, smooth surfaces were observed on granules made with 2-propanol, indicating that some of the starch grains did gelatinize. Many small pores were observed inside granules made with 2-propanol (Fig. 2D) , whereas pores were not evident in granules made with water alone (Fig. 2C) . After wetting and subsequent drying (Fig. 3) , differences between the two types of granules were not as apparent. The surface of granules made with 2-propanol (Fig. 3B ) became much smoother as the nongelled starch grains gelled upon contact with water. Internally (Fig. 3D) , the small pores disappeared and the granules resembled those made with water only (Fig. 3C ). Granules made with water only did not change in appearance after wetting.
Bioassay with B. thuringiensis. Granules formulated with B. thuringiensis and 2-propanol showed little or no reduction in activity against O. nubilalis when compared with granules formulated with B. thuringiensis and water (Table   3 ).
Field Assay. Mean numbers of D. v. vigifera beetles caught during each 3-d period are presented in Table 4 . Although analyses were conducted for each day of beetle collection, for simplicity, only the ANOVA for day 12 is presented (Table 5 ). This day was typical of the other days and is probably more meaningful than the other collection days concerning the effects of encapsulating attractant. The only significant F value for main effects was observed for concentration of attractant in the granule. No significant differences existed among the 0, 0.1, and 1% attractant, whereas granules formulated with 10% attractant collected more beetles (P < 0.05). Granules with attractant encapsulated were just as effective in luring beetles as granules with the attractant soaked onto the surface, suggesting that volatiles can be encapsulated within the starch matrix and still be released in biologically effective amounts. Similarly, the lack of significant difference between the granules that were changed after 6 d and those not changed suggests that the granules provided sustained release of the attractant over the 12 d of the test.
Discussion
The results presented here indicate that treatment of gelatinized starch, especially starch with both amylose and amylopectin with a water-2-propanol solution, yields products with a significant enhancement; namely, adherence to substrates. Further, the addition of the solvent and water before addition to the starch forms an azeotropic mixture allowing more rapid drying of the Vol. 85, no. 4 granules with less need for grinding. Additionally, the field assay demonstrated the utility of the granules as potential baits capable of releasing volatile insect attractants.
A comparison of the two methods for measuring resistance to wash-off suggests that the glass slide assay was an excellent predictor of how granules formulated with various solvents would perform on cotton leaves (Table 1) in terms of rankings. However, the glass slide assay was not as satisfactory when comparing various starches ( Table 2 ). The reasons for this discrepancy are unclear but it could be due to various interactions between the starches and the leaf or glass surfaces. Clearly, plant assays need to be conducted before a formulation is selected for extensive field testing.
To help explain the adherence phenomenon, dry and wet samples of granules made with Miragel were observed under a light stereomicroscope and through SEM. The observation that granules made with 2-propanol stuck to each other and to a glass surface indicates that the surfaces of the granules were not fully gelled before exposure to free water. This is supported by SEM surface photomicrographs showing nongelled starch grains on granules made with 2-propanol. However, areas of the granules are, most likely, fully gelled, which suggests the formation of discrete nonhomogeneous particles. Upon wetting, gelling of the granule surface is completed and the particles stick to surfaces. The smooth appearance of granules made with 2-propanol after wetting as observed through SEM substantiates this hypothesis.
The data demonstrating that B. thuringiensis insecticidal activity does not change when formulated in 2-propanol-containing granules are significant. 2-Propanol is apparently not present in high enough concentration, or does not persist long enough, to either kill the spores or denature the parasporal crystal. Further research should clarify exactly what effect, if any, 2-propanol has on B. thuringiensis when the two are combined into a granule. However, the process we have described for producing adherent granules is very versatile and should allow for the incorporation of sunscreens or other additives to protect or enhance bacterial activity.
Recently, a series of papers has examined the potential for using the Dunkle starch encapsulation process for preparing a formulation to control adult Diabrotica spp. (e.g., Lance & Sutter 1990 , Weissling & Meinke 1991 . Ingredients in the formulation included a feeding attractant, a feeding stimulant (cucurbitacin), and a small amount of insecticide. Although preliminary results were promising, the formulation appeared to be easily dislodged from the feeding zone and beetles were not controlled (Weissling D All granules were made with pregelatinized pearl starch, water, 2-propanol, carbaryl, and buffalo gourd root powder. b p-Methoxycinnamaldehyde (PMCA) was assayed by soaking 10 mg granules for 1 h in 100 ml 50% ethanol, then reading absorbance at 320 nm. Readings were compared against a standard curve.
C p-Methoxycinnamaldehyde was added to the formulations before gelatinization (enc), or granules previously prepared were soaked in solvent containing Pl'.lCA. & Meinke 1991) . The development of new, adherent granules should significantly aid in this bait approach for several reasons. First, the adherent nature of these baits should overcome the loss of bait from the feeding zone of the target insect. Second, the use of an adherent bait should lead to a decrease in the total amount of insecticide applied per area because attractants may be incorporated, thus bringing insects to the bait instead of relying on complete coverage of an area (Lance 1988 , Meinke et al. 1989 , Metcalf & Lampman 1989 . Third, the possibility of a longer residual effect due to adherence should allow for earlier application and extend the "window" of application necessary for economic control of a pest that may enter an area over an extended period of time.
Currently, one of the drawbacks to the use of adherent formulations is the need for free water to be present at the site of application. While rainfall and dew occur routinely in certain areas of the cornbelt, other areas are more arid. To be fully effective in arid areas, irrigation or the construction of an application device that sprays water over the foliage just ahead of the granule application may be required. Alternatively, for- mulations that absorb moisture from the atmosphere may be developed. Future work should also examine the palatability of the adherent formulations to insects.
